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Abstract

Excessive levels of the neurotransmitter glutamate trigger excitotoxic processes in neurons that lead to cH\iethyi-o-aspartate
(NMDA) receptor over-activation is a key excitotoxic stimulus that leads to increases in intracellular calcium and activation of downstrean
signaling pathways, including the p44/42 mitogen-activated protein (MAP) kinase pathway. In the present study, we have demonstrated t
1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene (U0126), a potent and selective inhibitor of the p44/42 MAP kinase signal
ing pathway, prevents glutamate-induced death in neuronally differentiated P19 cells. In addition, we show that differentiated, but nc
undifferentiated, P19 cells expressed zetal, epsilonl, and epsilon2 subunits of the NMDA receptor. Differentiated P19 cells exhibite
specific NMDA receptor binding and intracellular calcium responses to glutamate that were blocked by the selective NMDA recepto
antagonist [R,103- [ +]-5-methyl-10,11-dihydro-B-dibenzo[a,d]cyclohepten-5,10-imine (MK-801), but not U0126. Glutamate treatment
of differentiated P19 cells triggered a rapid and sustained induction in p42 MAP kinase phosphorylation that was blocked by U012¢
Pretreatment of differentiated P19 cells with U0126, but not other classes of protein kinase inhibitors, protected against glutamate-induc
cell death. Post-treatment with U0126, even as late as 6 hr after glutamate application, also protected against glutamate toxicity. The
results suggest that the p44/42 MAP kinase pathway may be a critical downstream signaling pathway in glutamate receptor-activat
toxicity. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction by opening three classes of ligand-gated ion channels:
AMPA, AMPA/kainate, and NMDA receptors. Transient

Glutamate, the major fast excitatory neurotransmitter in increases in synaptic glutamate levels occur during normal

the mammalian central nervous system, depolarizes neurongxcitatory transmission. On the other hand, excessive in-

creases in synaptic glutamate levels are toxic to neurons,

* Corresponding author. Tel+1-908-704-4882; fax-+1-908-526-  and trigger the process of neuronal cell death commonly

7118. referred to as glutamate excitotoxicity [1]. Glutamate exci-
E-mail addressrzivin@prius.jnj.com (R.A. Zivin). totoxicity contributes to ischemia-induced brain damage,
Current address: Drug Discovery Technologies, Cell & Molecular epilepsy, and various chronic neurodegenerative diseases

Technologies, Inc., 580 Marshall St., Phillipsburg, NJ 08865. Fel:908- [1]

454-7774; fax:+1-908-859-6437E-mail addresszzhong@cmt-inc.net Ofthe th | falut t ted ch | if
Abbreviations AMPA, (*)-a-amino-3-hydroxy-5-methylisoxazole-4- € three classes of glulamate-gated channels, specilic

propionic acid; NMDA, N-methylo-aspartate; MAP, mitogen-activated ~ OVEr-activation of the NMDA receptor is primarily respon-
protein; ERK1/2, extracellular signal regulated kinase 1/2; MEK, mitogen- Sible for triggering excitotoxic death in a variety of neuron
activated protein kinase kinase; JNK, Jun N-terminal kinase; NO, nitric types [1]. In animal stroke models, ischemia-induced brain
oxide; CDK1, cyclin-dependent kinase I; PKA, protein kinase A; PKC, damage can be largely alleviated by pretreatment with the

protein kinase C; CK1/2, casein kinase 1/2; EGFR, epidermal growth s .
factor receptor; CaM-K, calcium/calmodulin-dependent kinase; ATRA, SpeCIfIC NMDA receptor antagonist P[ElOS]-[-i-]-S-

all-transretinoic acid; RT-PCR, reverse transcriptase—polymerase chain Methyl-10,11-dihydro-B-dibenzo[a,d]cyclohepten-5,10-
reaction; and CFDA, carboxyfluorescein diacetate. imine (MK-801) [2]. In many types of neurons, glutamate
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excitotoxicity is thought to result primarily from an exces- an excellent model system for investigating NMDA recep-
sive influx of calcium ions due to the high permeability of tor-dependent excitotoxic-signaling pathways.

the NMDA receptor for calcium [3]. High intracellular cal- In this study, we report that a selective inhibitor of

cium levels may lead to over-activation of calcium-regu- MEK1/2, the ERK1/2 (p44/42) MAP kinase upstream acti-

lated enzymes such as NO synthase, phospholipases, provating enzymes [15], prevents glutamate-induced differen-

teases, and kinases, and may mediate excitotoxicity. tiated P19 cell death when added before or hours after
Glutamate signaling through the NMDA receptor in- glutamate challenge. This compound, 1,4-diamino-2,3-di-
duces phosphorylation and activation of MAP kinases in cyano-1,4-bis[2-aminophenylithio]butadiene (U0126),

primary neuronal cultures [4,5]. Animal models of ischemic blocked glutamate-induced increases in ERK2 (p42) MAP
brain injury suggest that increased activity of MAP kinase kinase phosphorylation in differentiated P19 cells. Gluta-
family members may mediate neuronal injury [6,7]. Dele- mate-induced toxicity and intracellular calcium responses
tion of Jnk3, a member of the JNK family of MAP kinases Were blocked completely by MK-801, indicating that
that is expressed predominantly in the brain, protects hip- NMDA receptor activation is required for glutamate-in-
pocampal neurons from kainic acid-induced excitotoxicity duced toxic signaling in these cells. U0126 had no effect on
in vivo, although the role of the NMDA receptor in this form ~ glutamate-induced  intracellular - calcium  responses, or
of toxicity is not clear [8]. Specific inhibition of the up- NMDA receptor binding, indicating that its mechanism of
stream activating kinases of ERK1/2 (p44/42) MAP kinase protection is downstream of NMDA receptor activation.
protects against neuronal damage due to focal cerebral isch-

emia [7]. In cultured primary hippocampal neurons, inhibi- )

tion of the ERK1/2 (p44/42 MAP kinase) signaling pathway 2- Materials and methods

protects against neuronal death induced by removal of i

kynurenate, a broad spectrum glutamate-receptor antagonisg‘l' Materials

[9]. Non-receptor-mediated, glutamate-induced oxidative
toxicity is also blocked by inhibition of the ERK1/2 signal-
ing pathway [10]. Collectively, these reports clearly indicate
an important role for ERK1/2 MAP kinase signaling in
glutamate-induced neuronal toxicity. In the present study,
we have examined whether the importance of downstream
MAP kinase signaling can be demonstrated in the neuro-
nally differentiated P19 cell-line model of NMDA receptor-
dependent glutamate excitotoxicity [11]. Verification of the
relevance of MAP kinase signaling in this cell culture model
would (a) further validate the model system, (b) link NMDA
receptor stimulation to MAP kinase activation during exci-
totoxicity, and (c) establish a simple, homogeneous system
iq which to identify importqnt glutamate signaling_interme— 22 P19 cell differentiation
diates. Results obtained in neuronally differentiated P19

cells, when confirmed in primary neuronal culture anghin P19 cells were bought from ATCC. They were grown on
vivo animal models, can help identify novel therapeutic 150 cn? tissue culture flasks in Dulbecco’s Modified Ea
targets, and make it possible to set up large scale cell-basedyje’s Medium (DMEM, Gibco BRL) supplemented with
compound screens for neuroprotective agents. 10% fetal bovine serum, glutamine (2 mM), sodium pyru-
P19 cells are a pluripotent embryonal carcinoma line that yate (1 mM), sodium bicarbonate (0.15%, wiv), and peni-
can be induced to differentiate into post-mitotic neuron-like cj|lin/streptomycin (50 U/mL) in an atmosphere of 5% £O
cells in the presence of high doses of retinoic acid [12,13]. at 37°. On day 1 of the differentiation protocol, confluent
Differentiated P19 cells express a wide variety of neuron- p19 cells were split to 50—70% confluency in growth me-
specific markers, as well as a diversity of functional ion djum. On day 2 of the protocol, 10M ATRA and 10 uM
channels and receptors [11,14]. Among these are functionalMK-801 were added to the growth medium. Ten micromo-
NMDA receptors that exhibit NMDA-induced electrophys- |ar MK-801 was included at this stage to prevent the death
iological currents that are appropriately sensitive to selec- of differentiating cells that begin to express NMDA recep-
tive NMDA receptor blockers [11]. Over-stimulation of tors. On day 4, fresh growth medium was placed on the
NMDA receptors expressed in differentiated P19 cells leads cells, with fresh ATRA and MK-801. On day 5, cells were
to death, which can be blocked with the specific NMDA dissociated from the tissue culture flask by washing four
channel blocker MK-801 [11]. These reports reveal that times with calcium- and magnesium-free phosphate-buff-
differentiated P19 cells recapitulate some important prop- ered saline, and adding 4 mL of non-enzymatic cell disso-
erties of glutamate excitotoxicity, and thereby appear to be ciation solution (Sigma). Once dissociated, cells were

Fluorescent indicator dyes were obtained from Molecu-
lar Probes unless indicated otherwise. U0126 and various
other commercially available protein kinase inhibitors were
obtained from Calbiochem. MK-801 was obtained from
Research Biochemicals Inc. Anti-p44/42 MAP kinase and
anti-phospho-p44/42 MAP kinase antibodies were obtained
from New England BiolLabs. Polyclonal antibodies to rat
NMDA receptor subunits NR1, NR2A, and NR2B were
obtained from Chemicon. 6-Amino-2-(4-fluorophenyl)-4-
methoxy-3-(4-pyridyl)-H-pyrrolo-[2,3b]pyridine  (RWJ
68354) was synthesized at the R.W. Johnson Pharmaceuti-
cal Research Institute and was described previously [16].
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placed in 40 mL of differentiation medium. Differentiation Novex apparatus for 1.5 hr at 200 V. Proteins were trans-
medium consisted of Neurobasal medium (Gibco BRL) ferred to polyvinylidene difluoride membranes (PVDF,
containing 1% N-2 supplement (Gibco BRL), 0.1% trace Novex) using a BioRad wet transfer device for 1 hr at 100
elements B (Mediatech), 1 mM cadmium sulfate (Sigma), 2 V. Prior to transfer, PVDF membranes were dipped in 100%
mM glutamine, 1 mM sodium pyruvate, 0.15% (w/v) so- methanol for 1 min, and then were soaked in transfer buffer
dium bicarbonate, and 1% antibiotic/antimycotic (Gibco for 5 min. After transfer, membranes were removed and
BRL). Ten micromolar cytosine-d-arabinofuranoside was were shaken slowly in blocking solution (5% milk, 0.05%
added to the differentiation medium to prevent the growth Tween-20 in phosphate-buffered saline) at 4° overnight.
of undifferentiated cells. No MK-801 was present from this Membranes were then washed once with PBS-Tween, and
point onward. Cells were triturated twenty times, then were primary antibodies (1:1000) in PBS-Tween with 5% milk
split 1:4 into 96-well plates, or split 1:3 into 100 mm tissue \yere incubated for 1 hr at room temperature. Membranes
culture dishes. Four days after replating, the cells were at anyere washed four times for 15 min at room temperature.
optimal stage for compound addition, and were assayed 24secondary antibodies coupled to horseradish peroxidase

hr later. were incubated for 45 min to 1 hr at room temperature in
PBS-Tween with 5% milk. Membranes were then washed
2.3. RT-PCR four times for 15 min at room temperature. Blots were

. ) developed using ECL Plus (Amersham), and exposed to
Total RNA was extracted from differentiated P19 neu- .,

rons or undifferentiated P19 cells in 100 mm tissue culture
dishes using the QIAGEN RNeasy Mini kit according to
protocols of the manufacturer. Real time RT-PCR reactions

were carried out in LightCycler™ glass capillaries using a g yiability was measured using two methods. The first
: ™ X
LightCycler™ instrument with 250 ng of template RNA method was a confocal, single-cell fluorescence imaging

(Boehrm_gr—ijr M?r;nhilgn)._Th? g%\:erps&:tzranscnpta_szreatc;uonbased method using the live cell dye CFDA. CFDA is
was carried out for 1U min a ) was carried out for de-acetylated, and is thus trapped and concentrated inside

30 cycles: anneeolllng temperature was 50%, extenS|?n Mve cells. Hence, CFDA selectively labels the cell bodies
perature was 72°, and melting temperature was 80°. Reac-

: ) and processes of living cells, whereas dead cells exhibit
tions were compared to an,B negative control for each much less CFDA staining. Cells were labeled with.\
primer set. Products were analyzed on both 1% Tris-borate- g

EDTA (TBE)-buffered-agarose gels and the LightCycler™. .CFDA for 1.5 min In m'e'd|um, and(éhen CFDA staining was
The primer sets for the various mouse NMDA receptor imaged using a modified Attofludrimager device (Atto

subunits that were used are as follows: zetalpBmer: Instruments). The dye was excited by light from a mercury
5'-gaa gat aca gct caa cgc c-8etal 3 primer: 5-tcc tcg lamp source passed through a 488 nm bandpz_iss filter of 10
ctt gca gaa agg at-3epsilon1 5 primer: 5-cgg cag ctt tgg nm bz_ind Wldth, passed through a CARYV real-time confocal
aag aaa tc-3 epsilon1 3 primer: 5-cag aca ggc atc aca ctt spinning disk modL_JIe_ (Atto Ihstrume_nts_), and then passed
ga-3; epsilon2 5 primer: 5-aga cca caa geg cta ctt c&-3 through a 4Qx 0|_I immersion opjectlve (zeiss Fluar,
epsilon2 3 primer: 5-cgt gaa gca agc act gat ca; epsilon 3 N_A=1_.3). _Emltted light was transmnted_throug_h a 495 nm
5' primer: 5-gcc aat gig ctg aag atg ct:3epsilon3 3 dichroic mirror, collected to an Att.oflu@rlr!tensmed CCD
primer: 5-ttg gat cga gtg aag gct tc=3epsilon4 5 primer: c.am-e-ra,®and images were visualized using AttoffuBi:
5'-gtg tct tct aca tge tec tc3and epsilond 3primer: 5-agc ~ tioVision™ software (Atto Instruments).

2.5. Cytotoxicity measurements

ttg tca acc gac cag ta-3 The second method for measuring cell viability was a
plate reader method. Cells plated into black 96-well plates
2 4. Western blots (Packard Viewplates) were loaded with a final concentration

of 3% Alamar blue dye (Biosource International). Alamar

Medium was aspirated from cells plated onto 100 mm blue is a dye that takes advantage of mitochondrial reduc-
tissue culture dishes. Cells were harvested in RIPA lysis tases to convert non-fluorescent resazurin to fluorescent
buffer [100 mM Tris—HCI (pH 7.5), 150 mM NaCl, 1 mM  resorufin (excitation 535 nm, emission 580 nm). This dye
EDTA, 1% Triton X-100, 10% sodium deoxycholate, 0.1% has been used successfully to measure neuronal viability in
sodium dodecyl sulfate]. Each sample was sonicated for 20primary neuronal culture [17]. Baseline fluorescence counts
sec, Laemmli sample buffer (BioRad) was added to a final were read at room temperature in a Wallac plate reader
1x concentration, and samples were incubated for 10 min atimmediately after the addition of Alamar blue. Fluorescence
95°. Samples to be probed with NMDA receptor antibodies counts of cell viability were taken the same way after a 1-hr
were electrophoresed on 6% Tris-glycine pre-cast gelsincubation at 37°. Fluorescence was expressed as a percent
(Novex). Samples to be probed with p44/42 MAP kinase of control, untreated cells, after subtraction of background
antibodies were electrophoresed on 12% Tris-glycine pre- fluorescence. Live/dead cells were confirmed visually with
cast gels (Novex). Electrophoresis was carried out in a a light microscope.
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Table 1
Substrates and control inhibitors for kinase selectivity assays
Kinase Substrate name Peptide sequence Control inhibitor
CDK1 Histone-H (Biotin)KTPKKAKKPKTPKKAKKL-Amide Butyrolactone
EGFR Angiotensin 2 (Biotin)DRVYIHPF-Amide AG-1478
PKA BetterThanKemptide (Biotin)GRTGRRNSI-Amide H-89
PKC PKC pseudopeptide (Biotin)RFARKGSLRQKNV-NH Staurosporine
Casein kinase 1 Glycogen synthase (Biotin)KRRRALS(phospho)VASLPGL-Amide H-89
Casein kinase 2 Nef (Biotin)RREEETEEE-Amide
Calmodulin kinase AutoCamtide Il (Biotin)KKALRRQETVDAL-Amide Staurosporine
Insulin kinase Kinase domain (Biotin) TRDIYETDYYRK-Amide Staurosporine
2.6. Fura-2 imaging 2.8. In vitro kinase assays

Cells were loaded with JuM fura-2-AM (Molecular The general procedure used to assay for kinase activity

Probes) for 1 hr at 37°. They were washed once with Hanks’ was as follows: a kinase reaction mix was prepared in 50
balanced salt solution (HBSS, Gibco BRL), and assayed in mM Tris—HCI (pH 8), 10 mM MgCJ, 0.1 mM NaVO,, 1
HBSS buffer. Cells were placed onto the stage of a modified mM dithiothreitol, 10uM ATP, 0.25 to 1uM biotinylated
Attofluor® Imager. High speed, dual excitation of fura-2 peptide substrate, 0.2 to 08Ci per well of [y->°P]JATP
was carried out using a RatioArc High-Speed Excitor, (2000—-3000 Ci/mmol). The reaction mix was dispensed
which rapidly switches excitation light between 334 and into the wells of a streptavidin-coated Flashplate (New
380 nm wavelengths (10 nm band width filters). Emitted England Nuclear), and LL of inhibitor stock in 100%
light was transmitted through a 400-nm dichroic mirror, DMSO was added to a 100k reaction volume resulting in
collected to an Attofludt intensified CCD camera, and a final concentration of 1% DMSO. Enzyme was diluted in
ratio-images were visualized, and analyzed, using Atto- 50 mM Tris—HCI (pH 8.0), 0.1% BSA and added to each

fluor® RatioVisiorf® software. well. The reaction was incubated for 1 hr at 30° in the
presence of compound. After 1 hr, the reaction mix was
2.7. [PH]MK-801 binding aspirated from the plate and the plate was washed with PBS

containing 100 mM EDTA. The plate was read in a scin-

Cell membranes were prepared by freeze—thawing 100tillation counter to determine the amount of-{°*P]ATP
mm plates of cells; then the contents of the plates were incorporated into the immobilized peptide. Test compounds
transferred to 15-mL centrifuge tubes. The cells were spunWere assayed in duplicate at eight concentrations ranging
at 50,0009 for 20 min at 4°. The pellets were then sus- from 100uM to 10 pM in one order of magnitude steps. A
pended in a membrane wash solution containing L0 maximum signal and a minimum signal for the assay were
glutamate, 10QuM glycine, 100 M MgCl,, and 50 mM determined on each plate. The,, value was calculated
Tris to remove any unbound MK-801. The suspensions from the concentration-response curve of the percent inhi-
were spun and resuspended in wash solution a total of thregbition of the maximum signal in the assay according to the
times. The final membrane pellets were resuspended in 20formula [max signal —background/test compound signal -
mM HEPES, 10QuM glutamate, 10QuM glycine, 300uM background [100F % inhibition] by graphing the percent
MgCl,, and 100uM spermine to facilitate ligand binding  inhibition against the log concentration of the test com-
(pH 7.4). The membrane suspensions were pipetted intopound. Known inhibitor compounds appropriate for the
96-well plates. Each well contained 20 nMHJMK-801, kinases being assayed were also included on each plate (see
100 uL of cell membranes, and various concentrations of Table 1 for kinase substrates and control inhibitors). The
MK-801. Nonspecific binding was defined a&$[MK-801 human CDK1 catalytic subunit and its positive regulatory
binding in the presence of 10M unlabeled MK-801. The  subunit cyclin B were expressed recombinantly from insect
final assay volume was 150L. Plates were then incubated cells using a baculovirus vector (New England BioLabs).
at 37° for 3 hr. After incubation, cell membranes were Insulin receptor kinase consisted of residues 941-1313 of
vacuum-filtered onto Packard unifilter plates, using a Pack- the cytoplasmic domain of the beta-subunit of the human
ard filtration manifold, and the membranes were washed insulin receptor (BIOMOL). PKA was the catalytic subunit
three times with ice-cold 20 mM HEPES. Filters were then of cyclic AMP-dependent PKA purified from bovine heart
sealed, 35uL of Packard Microscint 20 scintillation fluid  (Upstate Biotechnology). PKC was the gamma isoform of
was added per well, and the filters were covered with a the human protein produced in insect cells (PanVera). Ca-
cellophane seal over the top. Plates were then counted for 1sein kinase 1 was a truncation at amino acid 318 of the
min/well in a Packard Topcount. Displacement of MK-801 C-terminal portion of the rat CK1 delta isoform produced in
binding was expressed as percent of control. Escherichia coli(New England BioLabs). Casein kinase 2
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Fig. 1. NMDA receptor expression in differentiating P19 cells. (A) RT-PCR amplification of murine NMDA receptor subunits was obtained from 250 ng
of total RNA template isolated from undifferentiated P19 cells, cells at 4 days after induction by ATRA, and cells at 9 days after ATRA inductioR RT-PC
was carried out in a LightCycl& instrument as described in “Materials and methods.” For each primer set,@umégative control was run in parallel

to ensure that products were not the result of primer-dimer. Five microliters of reaction product was removed, and run on 1x TBE agarose gels. These d
are representative of three separate experiments with similar results. (B) Western blot analysis of NMDA receptor subunit protein in P18 balivgste

at various time points during the course of differentiation. Appropriately sized bands (zetal20 kDa, epsilonl and epsilon 2 ~180 kDa) were
detectable from terminally differentiated P19 cell lysates, but not from undifferentiated cell lysates. Black arrows indicate which bandadtorésp

NMDA receptor subunits. These data are representative of three separate experiments with similar results. (C) Fura-2 imaging traces of 94day post AT
P19 cells treated with 3 mM glutamate and 1 mM glycine in the presence or absenceudf11@8-801. MK-801 was administered 24 hr prior to the assay.
Traces represent the meansSEM from three separate experiments for each condition. Each experiment represents the average ratio change from 10-2
cells, equivalent to the total number of cells in the microscopic field. (D) MK-801 inhibitiorfl$fMK-801 specific binding in differentiated P19 cell
membranes harvested 9 days after ATRA induction. MK-801 concentrations are expressethasldi0 Data points represent the meanSEM from eight
experiments. % Controk [(cpm — cpmy,in)/(CPMyax — CPMyin)] * 100.

included the alpha and beta subunits of the human CK2 proportion of precursor P19 cells that became neurons was
protein produced irE. coli (New England BioLabs). Cal-  not determined. Cells were harvested for mMRNA analysis
modulin kinase (calmodulin-dependent protein kinase 2) and protein analysis at 4 or 9 days after induction by retinoic
was a truncated version of the alpha subunit of the rat acid. RT-PCR of NMDA receptor subunits from total RNA
protein produced in insect cells (New England BioLabs). samples revealed that retinoic acid induction of differenti-
EGFR was purified from human A431 cell membranes ation induced mRNA expression of zetal, epsilonl, and
(Sigma). epsilon2 mRNAs (Fig. 1A). Western blot analysis revealed
that terminally differentiated P19 cells express detectable
levels of zetal, epsilonl, and epsilon 2 proteins (Fig. 1B).

3. Results Epsilon3 and epsilon4 mRNAs or proteins were not detect-
able at any time in these cells (data not shown). To verify

3.1. Expression of functional NMDA receptors in that differentiated P19 cells express specific binding sites

differentiated P19 cells for the NMDA receptor, MK-801 inhibition offH]MK-801

binding was assayed in P19 membranes (Fig. 1D). MK-801
P19 cells were differentiated for 4 days in the presence of inhibition was concentration dependent, and 100% inhibi-
retinoic acid, and then were replated onto 100 mm tissue tion was achieved.
culture plates for 5 additional days in the presence of cyto- To determine whether the expressed NMDA receptor
sine arabinoside, a mitotic inhibitor. At this time, virtually —subunits form functional NMDA receptors, intracellular cal-
all the cells appeared morphologically very similar to ma- cium measurements were carried out in differentiated P19
ture primary neurons; however, exact quantification of the cells. Single cell fura-2 imaging experiments revealed in-
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Fig. 1. (continued)

creases in intracellular calcium levels upon the addition of cell bodies. Differentiated P19 cells treated with saturating
glutamate and the NMDA receptor requisite coagonist gly- concentrations of glutamate and glycine (3 and 1 mM,
cine (Fig. 1C). The rise in intracellular calcium level was respectively) for 24 hr exhibited much weaker overall flu-
rapid, occurring within 10—-20 sec, and was sustained for orescence staining, suggesting lower viability in these
minutes afterward. Although glutamate, in principle, could treated cells. Processes were undetectable, and extensive
activate other classes of glutamate receptors that may becellular debris was evident (Fig. 2A). Relative levels of cell
expressed in differentiated P19 cells, the calcium responsedeath can be measured rapidly and quantitatively on a plate
to glutamate that we observed requires NMDA receptor reader using Alamar blue, a dye previously shown to be
activation, since the selective NMDA receptor channel yseful for assessment of neuronal viability [17] (Fig. 2B).
blocker, MK-801, nearly completely inhibited this response Background fluorescence, read immediately after dye addi-
(Fig. 1C). tion, was subtracted from fluorescence derived from active
mitochondrial reduction of Alamar blue to its more fluores-
3.2. NMDA receptor-required toxicity in differentiated cent derivative, resorufin, which was read at 1 hr after 37°
P19 cells incubation. The data were measured in the form of relative
fluorescence counts (Fig. 2B). Healthy differentiated P19

Differentiated P19 cell bodies and processes stainedcells effectively converted Alamar blue to fluorescent
brightly with the vital cell stain CFDA (Fig. 2A). The cell  resorufin, and increased the fluorescence counts by over
bodies characteristically clumped together into tight aggre- 100,000 arbitrary fluorescence units (AFU). Cells treated
gates when plated onto plain tissue culture plastic, prohib- with glutamate and glycine for 24 hr largely lost the ability
iting visualization of individual cell bodies. Visually detect- to reduce Alamar blue, and hence only increased fluores-
able networks of extensive processes connected clusters otence by approximately 40,000 AFU, corresponding to a
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Control Glutamate -

Glutamate
" U0126

Fig. 2. NMDA receptor-required glutamate toxicity in differentiated P19 cells. (A) At 9 days post ATRA induction, P19 cells were labeled with GFDA, an
then imaged in confocal mode using an Attoffidmager as described in “Materials and methods.” Control cells were treated with vehicle for 24 hr,
glutamate cells received 3 mM glutamate in the presence of 1 mM glycine for 24 hr, and glutard@26 cells received 1AM U0126 concurrent with

3 mM glutamate and 1 mM glycine for 24 hr. Images are representative of three separate experiments per condition with similar results. (B) iRepresentat
raw data from a single 96-well plate where values are the mean Alamar blue fluorescencetc8&Nksin which 32 wells received vehicle control, 32 wells
received 3 mM glutamate and 1 mM glycine for 24 hr, and 32 wells receiyell 723187 for 24 hr. Glutamate and A23187 conditions were significantly
different from control as determined by one-way ANOVA with Tukey post-hoc analysis carried out using GraphPad softwre (x001). These raw

data indicate a typical 60% reduction in Alamar blue fluorescence when cells were treated with glutamate and glycine. However, since raw fluorescen
counts varied from experiment to experiment, all the following figures are expressed as a percent of control. (C) Glutamate toxicity concesyitatsmn—r

in the presence of a constant 1 mM glycine concentration. The theoretical curve generated through the data points is the average of six separ
concentration—response curves. Data points are represented as percent of contrdb&dls% Control= (([Glutamate],,,— [Glutamate],,,)/(Controlepcie

— [Glutamate],,,)) - 100. Glutamate toxicitgcs, was calculated to be 8/M [lower 95% confidence intervat 3.5 uM; upper 95% confidence interval

19 uM]. (D) MK-801 concentration-dependent inhibition of differentiated P19 cell death induced by 3 mM glutamate and 1 mM glycine. % Neuroprotec-
tion = ((Inhibitor in the presence of Glutamateg, — [Glutamate],,,)/(Controlenicie — [Glutamate],.)) - 100. Data points are the meatsSEM of three
separate experiments. Key: (*B < 0.01, and (***) P < 0.001 versus the lowest concentration of MK-801.

60% reduction in the ability to reduce Alamar blue. As a differentiated P19 cells was 8/dM. The NMDA receptor

control, a calcium ionophore, A23187, which is also very blocker, MK-801, concentration-dependently protected

toxic to differentiated P19 cells, caused these cells to nearly against glutamate toxicity (Fig. 2D). At 30 and 1@/,

lose the ability to reduce Alamar blue. Glycine, in the MK-801 nearly completely blocked glutamate toxicity.

absence of glutamate, did not affect P19 neuron viability.

Yet, in the presence of glutamate, glycine enhanced the3.3. Protection from glutamate toxicity by an inhibitor of

reproducibility of glutamate-induced differentiated P19 cell MEK1/2 in differentiated P19 cells

death (data not shown). This glycine requirement is consis-

tent with classical NMDA receptor pharmacology [18]. To evaluate the specificity of the protein kinase pathways
We used the Alamar blue assay to quantify the concen-involved in differentiated P19 cell glutamate toxicity, a

tration effect of the glutamate-induced loss in differentiated panel of various classes of protein kinase inhibitors were

P19 cell viability (Fig. 2C). Very little effect on cell viabil-  tested (Table 2). To consistently induce the maximal

ity was evident until glutamate reached micromolar concen- amount of cell death, and to set a rigorous screen for the

trations. Consistent with morphological observations, glu- inhibitors of this process, we chose saturating concentra-

tamate toxicity was maximal at greater than 10M tions of glutamate (3 mM) and glycine (1 mM) throughout

concentrations. Thecs, value for glutamate toxicity in  the studies. While inhibitors of PKA, PKC, and protein
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Fig. 2. (continued)

tyrosine kinases [19-24] were not very protective, two suggesting that p38 kinase inhibition is likely not a predom-
MAP kinase inhibitors, RWJ 68354 and U0126, achieved inant mechanism of protection against glutamate toxicity in
maximal protection against glutamate-induced cell death. these cells. A second protective compound that idesti-
RWJ 68354, a very potent p38 kinase inhibitor, exhibited a fied, U0126, exhibited ars, of 1.1 uM, which more closely
1000-fold lower potency for protection against cell death matches thecs, that has been reported for inhibition of wild-
(icgg Of 9.7 uM) than for in vitro p38 enzyme inhibition  type MEK1/2 enzymeén vitro [15] (Table 2, Figs. 2A and
(Icsp Of ~10 NM) (Table 2, Fig. 3)Other potent p38 kinase  3B). The maximal protection achieved by U0126 was greater
inhibitors of various structural classes were not protective, than 80% of the vehicle-treated controls.

Table 2
Comparison of kinase inhibitor activity to cytoprotective activity
Compound ID Enzyme target Activity Potency ICso for cytoprotection Maximal efficacy for
[lower—upper 95% C.1.] cytoprotection, (%)
RWJ 68354 p38 kinase Inhibitor ICso ~10 NM 9.7 uM [5.8-16.3] >80
u0126 MEK 1/2 Inhibitor ICso ~0.5 uM 1.1 uM [0.74-1.68] >80
SB202474 p38 kinase Inactive Nonapplicable >10p M >50
SB203580 p38 kinase Inhibitor IC5o ~600 NM Ineffective <10
Lithium IP5 turnover Inhibitor K; ~0.5 uM Ineffective <10
KN62 CAM-KII Inhibitor K; ~900 nM Ineffective <10
Calphostin C PKC Inhibitor ICs0 ~50 uM >1 uM ~50
PKA Inhibitor IC5o >50 uM
PKG Inhibitor ICso >25 uM
p60se Inhibitor ICgo >50 uM
Lavendustin A EGFR Inhibitor ICgo ~11 NM >10 uM <25
p60sc Inhibitor IC50 ~500 NM
H-89 PKA Inhibitor K; ~48 nM >10 uM <2
CAM-KII Inhibitor K; ~30 uM
Casein kinase | Inhibitor K; ~38 uM
PKC Inhibitor K, ~31.7 uM

Kinase inhibition activities and potencies were derived from the literature [15,16,19—-24]. Eqofal@e for cytoprotection is the mean of three separate
curves with upper and lower 95% confidence intervals (C.l.) shown. Curves were fit, and confidence intervals were determined using GraphPad Pri:
software.
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Fig. 3. Kinase inhibitor protection against glutamate toxicity in differenti- B.
ated P19 cells. (A) RWJ 68354 concentration-dependent inhibition of P19

cell death induced by 3 mM glutamate and 1 mM glycine. % Neuropro-

tection = ((Inhibitor in the presence of Glutgma,;g(— [Glutamate),..)/ p42 MAPK ;-;-
(Control,epice — [Glutamate],,.,)) 100. Data points are the meansSEM
of three separate experiments. Key: (P)< 0.01, and (***) P < 0.001
versus the lowest concentration of RWJ 68354. Ebg value for inhibi

tion of toxicity was calculated to be 94M (5.8 to 16.3uM). (B) U0126 C.
concentration-dependent inhibition of P19 cell death induced by 3 mM

glutamate and 1 mM glycine. % Neuroprotection is the same as described p44 MAPK
for panel A. Data points are the meahsSEM of three experiments. Key: p42 MAPK
(***) P < 0.001 versus the lowest concentration of U0126. Etg value D.

for inhibition of toxicity was calculated to be 1AM (0.74 to 1.68uM).
Fig. 4. p44/42 MAP kinase phosphorylation in differentiated P19 cells and
inhibition with U0126. (A) Western blot probing 9-day post ATRA P19
Although U0126 is reported to be highly selective for celllysates with an antibody specific for the phosphorylated form of p42/44
MEK1/2 [15], we generated specificity data against a panel (ERK1/2). L1= 5-min vehicle control; L2= 1 min, 3 mM glutamate, 1
of kinase enzymes to determine whether MEKL/2 inhibition ?m,\%ﬁ:?aer’n:fe,:15mmw'lné§ Cﬁ?ﬁ:ﬁiﬁﬁéﬁf riﬂmlﬁ%q%‘:ni e
is a likely protective mechanism, or whether inhibition of g min, 3 mm giutamate, 1 mM glycine with concurrent 28 U0126. (B)
other kinase enzymes could be involved (Table 3). RWJ Same blot as in panel A, but stripped and reprobed with an antibody that
68354 was run in parallel to assess whether this compoundrecognizes total p42/44 (ERK1/2). Y@nti-phospho p42/44 (ERK1/2)
shared any common properties with U0126 (Table 3). Con- an_tibody western blot_ of differer?tiated P19 cell lysates at a 24-hr time
sistent with what has been published previously [L5], %0 43 2511 veiow Fomor 2 28 1 8 i dhdamae, 1
U0126 was not active against many other kinase enzymes. ;v o126. (D) Same blot as in panel C, but stripped and reprobed with an
One other kinase which we found to be inhibited by U0126 antibody that recognizes total p42/44 (ERK1/2). These blots are represen-
is PKC+y. However, itsicg, for inhibition of this enzyme tative of three separate experiments with similar results.
was 29.5uM, 30-fold higher than its protective potency,
and 60-fold higher than its published, against wild-type strated that the concentrations of glutamate and glycine that
MEKZ1/2. RWJ 68354 was a somewhat less selective inhib- were used to induce toxicity in P19 neurons also induced a
itor. In addition to its known high potency inhibition of p38 rapid, reproducible increase in p42 (ERK2) MAP kinase
[16], this compound also inhibited casein kinase-1 with an phosphorylation in these cells (Fig. 4A). In the presence of
Ic5o Value of 0.116uM, and inhibited PKCy with lower U0126, phospho-p42 MAP kinase was reduced, although no
potency (Table 3). change in the amount of total p42 MAP kinase was evident
To determine whether U0126 inhibits the MEK1/2 en- (Fig. 4, A and B). In glutamate-treated cells, the elevation of
zymes in differentiated P19 cells, we tested its ability to p42 MAP kinase phosphorylation was sustained, since it
block glutamate-induced phosphorylation of the MEK1/2 was still clearly increased at 24 hr versus controls (Fig. 4C).
substrate p44/42 MAP kinase (ERK1/2). The data demon- U0126 blocked the increased levels of phosphorylation at

Table 3

Kinase selectivity of RWJ 68354 and U0126

Compound CDK1 EGFR PKA PKC-y Casein kinase 1 Casein kinase 2 Calmodulin kinase Insulin receptor
(uM) (uM) (uM) (uM) (uM) (uM) (M) kinase {1M)

RWJ 68354 >100 >100 >100 8.35 0.116 >100 >100 >100

u0126 >100 >100 >100 29.5 >100 >100 >100 ND

Eachicg, value for kinase inhibition is the mean of at least two separate curves, and was determined using GraphPad curve fitting softwarg. ND
determined.



292 E.R. Grant et al. / Biochemical Pharmacology 62 (2001) 283-296

0.79 150 1 100 7
——U0126
s
o 5 B
‘é -;-;1 00 o
o~ 2 e
@ o s
3 S50 5
5 2
[}
s ES
2 0
A. 0.4 T T T 1 a 5 % B8 ¥ % B B F 2 g
0 25 50 75 100 £ 2 2 2 2 £ 2 £ = =
E § = = =& = = g = =
time (sec) CEE- R S = = 2
100 . Time of 10 uM U0126 addition Time of 30 uM RW J 68354 addition
g 80) A. B.
8 60 Fig. 6. Maximal protective efficacy of U0126, but not of RWJ 68354, upon
s administration hours after onset of glutamate challenge. (A) Differentiated
X 40 P19 cells received 1M U0126 either 15 min prior to glutamate and
20 glycine addition, or 15 min, 2 hr, 6 hr, 9 hr, 12 hr, or 15 hr after the addition
of glutamate and glycine. Twenty-four hours later, cells were assayed for
0 L L L 1 1 ) Alamar blue fluorescence. Data are the mearSEM from eight separate
-1 10 9 -8 -7 -6 -5 experiments. Key: (***)P < 0.001 versus pretreatment control, deter-
B log [U0126] (M) mined by one-way ANOVA followed by Tukey post-hoc analysis. (B)

Differentiated P19 cells received 30M RWJ 68354 15 min prior to
Fig. 5. Lack of U0126 block of NMDA receptor activation. (A) Fura-2  glytamate and glycine addition, or 15 min or 30 min after the addition of
imaging traces of 9-day post ATRA P19 neurons treated with 3 mM glytamate and glycine. Twenty-four hours later, cells were assayed for
glutamate, 1 mM glycine in the presence ofilll U0126 for 24 hr. U0126 Alamar blue fluorescence. Data are the mearSEM from three separate
was administered concurrently with glutamate and glycine. Traces repre- experiments. Key: (**)P < 0.01 versus pretreatment control determined
sent the means: SEM from four separate experiments for each condition. py one-way ANOVA followed by Tukey post-hoc analysis.
Each experiment represents the average ratio change from 10-20 cells,
equivalent to the total number of cells in the microscopic field. (B) U0126
inhibition of [*(H]MK-801 specific binding in differentiated P19 cell mem examined whether the MEK1/2 inhibitor U0126 retained
branes harvested 9 days after induction by ATRA. Data points represent the . . . . ]
means+ SEM from eight experiments. % Control is defined as described cytoprotective efficacy when added at various time points
in the legend to Fig. 1D. after glutamate challenge. The data demonstrated that post-
treatment with U0126 was just as protective to P19 neurons
as pretreatment up to 6 hr after glutamate challenge (Fig.
this time point as well (Fig. 4C) without affecting the level 6A). U0126 dramatically lost efficacy when added 9 hr or
of total p42 MAP kinase (Fig. 4D). later after glutamate. In contrast, RWJ 68354, a known p38
To demonstrate that U0126 does not block the NMDA inhibitor with an undetermined mechanism of cytoprotec-
receptor directly, but rather intervenes at a downstreamtive action, lost efficacy as soon as 30 min after glutamate
signaling event, we tested differentiated P19 cell intracel- challenge (Fig. 6B).
lular calcium responses to glutamate and glycine in the
presence of 10uM U0126 (Fig. 5A). Unlike MK-801,  3.5. Selectivity of U0126 protection against glutamate-
which completely blocks NMDA receptor activation and induced toxicity
calcium influx, U0126 did not block this intracellular cal-
cium response. Additionally, we tested whether U0126  To determine whether U0126 is protective against a
could inhibit PH]MK-801 specific binding in P19 neuron  variety of nonspecific toxic insults, or whether the efficacy
membranes (Fig. 5B). U0126 did not inhibit this binding of this compound is selective for glutamate-induced toxic-
activity at any concentration tested. These data further sup-ity, we tested its effects against a variety of other inducers
port the model that U0126 is acting on a signaling pathway of differentiated P19 cell death. The data demonstrated that
downstream of glutamate signal transduction and NMDA U0126 is not protective against A23187- or staurosporine-

receptor activation. induced death (Fig. 7, A and B). Additionally, U0126 did
not affect the basal viability of differentiated P19 cells (Fig.

3.4. Delayed neuroprotection by the MEK inhibitor 7C).

u0126

A time-course of efficacy is an extremely relevant pa- 4. Discussion
rameter for a potential cytoprotective therapeutic agent,
since the therapeutic would need to be administered hoursto The present study demonstrated that activation of the
days after an ischemic event and still retain efficacy. We p44/42 MAP kinase pathway (ERK1/2) downstream of glu-
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150- - No compound tection upon pretreatment, but lost efficacy if added only
. 10 UM U0126 minutes after the onset of glutamate challenge.
1004 P19 neuron-like cells, derived from retinoic acid differ-
entiation of murine teratocarcinoma cells, are a well-estab-
50 lished clonal cell culture model of primary neurons [12,13]
and are an appealing model system for neurobiology re-
A. . - search and drug discovery. Unlike primary neurons, which
4 3 2 1 0 12 are limited in amount and time-consuming to prepare, P19
log[A23187] (uM) precursor cells can be grown in large quantities, ideal for
150- large-scale compound screens. P19 cells are also unlike
neuroblastoma cell lines, which maintain proliferation ca-
pabilities but do not exhibit most terminally differentiated
phenotypes. Differentiated P19 cells express a wide variety
of neuronal markers, exhibit NMDA receptor-mediated in-
_——— — tracellular calcium responses to agonists, and undergo ex-
citotoxicity [11,14]. Differentiated P19 cells are most sim-
contol 100 50 25 125 ilar to human Nt-2N neurons, which are also derived from
[U0128] (k) In the presence of retinoic acid differentiation of teratocarcinoma precursor
uM Staurosporine A i
cells, express a wide variety of neuronal markers, and un-
dergo NMDA receptor-mediated, hypoxia-induced excito-
1004 toxic cell death [25-28]. Our data demonstrated that our
75 methods of differentiating P19 cells into neuron-like cells
successfully result in the expression of NMDA receptors at
the levels of mRNA, protein, MK-801 binding, MK-801-
25- sensitive agonist-induced intracellular calcium responses,
C. ol and MK-801-sensitive glutamate toxicity. Qualitatively,
vehicle 10N Uo126 these data are in very good agreement with the literature,
Fig. 7. Specificity of U0126 protection for glutamate toxicity in differen- although quantitatively the MK-801 concentration required

tiated P19 cells. (A) P19 cells were treated with various concentrations of _ :
A23187 for 24 hr in the presence or absence ofxMU0126. Cells were for rescue of the glmamate Cha”enged P19 cells was hlgher

then assayed for Alamar blue fluorescence. The theoretical curve generate&han what is typically observed in primary neuronal culture.
through the data points is the average of three separate concentration-However, the requirement for micromolar or greater con-
response curves. Data points are represented as percent of contrat cells centrations of MK-801 to be effective has been observed in
SEM. Theecy, for A23187 toxicity in the absence of U0126 was calculated  ygrious other models of NMDA receptor-dependent gluta-

to be 520 nM (340 to 784 nM). Thecg, for A23187 toxicity in the L : : : :
presence of 1uM U0126 was calculated to be 833 nM (440 nM to 1.6 mate toxicity and intracellular calcium responses, including

uM). (B) Lack of 10 uM U0126 protection against differentiated P19 cell reports from cerebellar granule neurons and NMDA recep-
toxicity induced by 1uM staurosporine measured by Alamar blue fluo- tor transfected HEK-293 cells [29-31]. Perhaps it is more
rescence at 24 hr after addition. Cells that received vehicle rather than difficult for MK-801 to achieve equilibrium under physio-
staurosporine exhibiFed control levels of Alamar blue fluorescence. How- Iogical conditions in these cell model systems due to dif-
ever, no concentration of U0126 brought fluorescence back to control ferences in resting membrane potential or other cell-specific
levels in staurosporine-treated cells. Values are meai@M (N = 8). . .
(C) Alamar blue fluorescence assayed on differentiated P19 cells trea’[edcomponents that m|ght affect channel activity. At the
with vehicle or with 10uM U0126 in the absence of any inducers of MRNA and protein levels, interestingly, we achieved reli-
toxicity. Values are the means SEM (N = 48). able expression of the epsilonl subunit of the NMDA re-
ceptor in addition to expression of zetal and epsilon2,
which has not been achieved with other reported methods of
tamate signal transduction is necessary for glutamate-in-P19 cell differentiation [32]. The presence of all three sub-
duced toxicity in neuronally differentiated P19 cells. Glu- units more closely resembled expression patterns observed
tamate-induced cell death occurred within 24 hr, was in adult rodent forebrain regions, including cortex and hip-
concentration-dependent, and required NMDA receptor ac- pocampus [33]. It is also interesting to note that epsilon2
tivation. Glutamate induced phosphorylation of p42 MAP mRNA expression appeared to be transient (it peaked
kinase, which was blocked by U0126, an inhibitor of its around 4 days after retinoic acid induction, and then disap-
upstream kinase, MEK. U0126 also blocked glutamate tox- peared by day 9), whereas protein levels were detected at a
icity in a concentration-dependent manner. It was effective later stage of differentiation. These data might be indicative
when administered before, or even several hours after theof developmentally regulated expression of the epsilon2
onset of the glutamate challenge. In contrast, RWJ 68354, asubunit in these cells, and warrant further investigation.
p38 MAP kinase inhibitor with additional nonspecific ac- Our data demonstrated that glutamate toxicity in differ-
tivity at other kinases, exhibited some low potency cytopro- entiated P19 cells requires NMDA receptor activation, since
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the toxicity was completely blocked in the presence of the
specific NMDA receptor antagonist MK-801. The require-
ment for glycine also suggests that NMDA rather than
AMPA/kainate receptors is the primary mediator of toxic-
ity. However, the data do not exclude the possibility that
AMPA or kainate receptors may also be activated by glu-
tamate and contribute to the excitotoxicity. This possibility
would be consistent with data from primary neuronal cul-

E.R. Grant et al. / Biochemical Pharmacology 62 (2001) 283-296

to the p44/42 MAP kinase pathway, and that this down-
stream signaling pathway is critically involved in gluta-
mate-induced toxicity.

U0126, but not RWJ 68354, was maximally protective
even when added several hours after the onset of the glu-
tamate challenge. This suggests that differentiated P19 cells
undergoing glutamate-induced toxicity do not irreversibly
commit to cell death until hours after the initial insult, but

ture, which reports that intracellular calcium responses to that this commitment is p42/44 MAP kinase pathway spe-
glutamate agonists involve multiple components [34]. Such cific. This commitment could be a discreet signaling event

components include AMPA/kainate receptor activation,

that takes time to get activated, or could be the accumulation

membrane depolarization, voltage-gated calcium channelof intracellular signaling events that reach a threshold level

activation, relief of NMDA receptor magnesium block, and

NMDA receptor activation. However, even with such a high
level of complexity, in many primary neuronal models,

glutamate excitotoxicity signals through the NMDA recep-

tor and requires its activation to result in neuronal death
[35], as was the case for differentiated P19 cells in this
study.

Our data demonstrated that U0126, a MEK1/2 inhibitor,
is protective against glutamate toxicity in differentiated P19
cells. U0126 exhibited a potency for protection against cell
death, which closely matched its known potencyifovitro
inhibition of wild-type MEK1/2 [15]. In addition, U0126
directly blocked glutamate-induced increases in ERK1/2
phosphorylation in the cells, but had no effect on NMDA
receptor intracellular calcium responses GH]MK-801

of activation that commits the cell to die. This protracted
process from receptor-mediated glutamate signal transduc-
tion to cell death commitment provides a window of time
for intervention where components along this pathway can
be blocked to prevent permanent neuronal damage. Using
U0126, our studies indicate that MEK1/2 inhibition, but not
p38 inhibition, can intervene in such a delayed fashion.
U0126 inhibition of MEK, several hours after the glutamate
challenge, may favor phosphatase dephosphorylation of p42
MAP kinase (ERK2), and restabilize this signaling pathway
within enough time to prevent cell death. The concept of a
compound that is able to exert delayed neuroprotection even
when added after an ischemic event is an especially sought
after property of a potential stroke therapeutic. Many com-
pounds with diverse mechanisms are reported to exhibit

binding. These data suggest that the mechanism of U0126post-treatment delayed neuroprotection. Among these are

cytoprotection is likely mediated through inhibition of

MEKZ1/2. In contrast, several other classes of kinase inhib-

itors demonstrated very little or no neuroprotective efficacy,
except for one p38 inhibitor compound, RWJ 68354. Unlike
U0126, the p38 inhibitor potency for cytoprotection did not
match its known potency fan vitro inhibition of p38 [16].
Moreover, other structurally unrelated p38 inhibitors
showed no protective efficacy, suggesting that p38 MAP
kinase inhibition is not a likely mechanism of protection
against glutamate toxicity in differentiated P19 cells.
Evidence from the literature suggests that MEK inhibi-
tion is an effective neuroprotective strategy vivo [7].

These reports indicate that transient cerebral ischemia in-

duces p42 MAP kinase phosphorylation in rodent brain. A
selective inhibitor of MEK1/2 can block this effect, and can

glutamate receptor antagonists [37], antioxidants [38], an-
ticonvulsants [8,39], protease inhibitors [40], kinase inhib-
itors [10,41], and magnesium [42]. However, this is the first
demonstration in a cell culture model of NMDA receptor-
dependent glutamate toxicity that a specific inhibitor of the
p44/42 MAP kinase pathway exhibits delayed neuroprotec-
tion. The window of time for efficacy is up to 6 hr after the
onset of toxic challenge.

The signaling pathways that link the extracellular gluta-
mate signal to p44/42 MAP kinase activation, or the down-
stream pathways that link p44/42 MAP kinase to delayed
cytotoxicity are not well understood. The upstream activa-
tors of p44/42 (ERK1/2) MAP kinases are MEK1/2 [43].
MEKZ1/2 are phosphorylated by the Raf family of kinases
[44], which are activated by the Ras family of small GTP-

reduce the extent of neuronal damage [7]. Primary neuronalbinding proteins [45]. One candidate intermediate molecule
culture also suggests that the p44/42 MAP kinase pathwaythat may couple NMDA receptor activation to the Ras/Raf/

is relevant to excitotoxic damage vitro [9]. These reports
indicate that glutamate signaling through its various iono-
tropic and/or metabotropic receptors results in p44/42 MAP

MEK/ERK signaling cascade is the calcium-dependent ty-
rosine kinase PYK2 [46]. Increased intracellular calcium
levels can activate PYK2, which can, in turn, activate MAP

kinase activation. Increased p44/42 MAP kinase activation kinase signaling. A second candidate intermediate that may

induces immediate early gene transcription [36] and is im-
plicated in seizure activity-induced cell death of cultured
hippocampal neurons [9]. p44/42 MAP kinase activation

link ion channel activation to MAP kinase signaling is
CaM-K. Two types of CaM-Ks are highly expressed in
neurons, CaM-Kll and CaM-KIV. These protein kinases are

also occurs in response to non-glutamate receptor-mediatedactivated upon binding of calcium and calmodulin, and they

neuronal oxidative injury, and contributes to this form of
toxicity [10]. Our data suggest that in a neuron-like cell
culture model system, NMDA receptor activation is linked

can regulate p38, JNK, and ERK kinase activity [47]. How-
ever, in the case of neuronally differentiated P19 cells,
CaM-Ks may not be such relevant signaling intermediates
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between the NMDA receptor and the p44/42 (ERK1/2) [9] Murray B,Alessandripi A, Cole AJ, Yee AG, Furshpan EJ. Inhibition
MAP kinase pathway since KN-62, an inhibitor of CaM-Ks, of the p44/42 MAP kinase pathway protects hippocampal neurons in
does not prevent glutamate toxicity in these cells. A third a cell-culture model of seizure activity. Proc Natl Acad Sci USA

: : : _ 1998;95:11975-80.
candidate intermediate molecule may be NO. In cortical [10] stanciu M, Wang Y, Kentor R, Burke N, Watkins S, Kress G

neurons, NMDA receptor coupling to NO production Reynolds I, Klann E, Angiolieri M, Johnson J, DeFranco D. Persistent
through PSD-95 is required for NMDA receptor-triggered activation of ERK contributes to glutamate-induced oxidative toxicity
neurotoxicity [48]. Increased NO production can also in- in a neuronal cell line and primary cortical neuron cultures. J Biol
crease p44/42 MAP kinase activity [49]. Molecules that are . S"em 2000:275:12200-6.

. A . [11] Turetsky DM, Huettner JE, Gottlieb DI, Goldberg MP, Choi DW.
downstream of p44/42 MAP kinase include transcription Glutamate receptor-mediated currents and toxicity in embryonal car-
factors such as CREB, Elk-1, c-Jun, c-Fos, and «&¥-- cinoma cells. J Neurobiol 1993;24:1157—69.

[50,51]. The p44/42 MAP kinase pathway can also induce [12] McBurney MW, Rogers BJ. Isolation of male embryonal carcinoma
phosphorylation of cytoskeletal components such as neuro- cells and their chromosomal replication patterns. Dev Biol 1982;89:

. . . . 503-8.
filaments [52]' regmate synapsin |-actin interactions [53]’ [13] Jones-Velleneuve EMV, McBurney MW, Rogers KA, Kalnins VI.

phosphorylate my_e“n basic prOtem_ [54]. and regmate the Retinoic acid induces embryonal carcinoma cells to differentiate into
secretion of amyloid precursor protein [55]. Therefore, there neurons and glial cells. J Cell Biol 1982;94:253—62.

are many potential mediators of cytotoxicity downstream of [14] Grobin AC, Inglefield JR, Schwartz-Bloom RD, Devaud LL, Morrow
p44/42 MAP kinase activation. Further investigation into AL. Fluorescence imaging of GABAreceptor-mediated intracellular

whether any or all of these molecules are relevant is war- [CI7] in P19-N cells reveals unique pharmacological properties. Brain
ranted Res 1999;827:1-11.

[15] Favata MF, Horiuchi KY, Manos EJ, Daulerio AJ, Stradley DA,
A detailed understanding of the signaling pathways that Feeser WS, Van Dyk DE, Pitts WJ, Earl RA, Hobbs F, Copeland RA,
are activated downstream of glutamate receptor stimulation Magolda RL, Scherle PA, Trzaskos JM. Identification of a novel
is crucial for determining efficient means of preventing il”ggg“g;30“18'2‘;%922‘3‘3““@(1 protein kinase kinase. J Biol Chem
hypOX|a/|schem|a—|ndL_Jced neuronal damage' The present[16] Henry JR, Rupert KC, Dodd JH, Turchi 1J, Wadsworth SA, Cavender
results suggest that in a cell culture model of glutamate DE, Fahmy B, Olini GC, Davis JE, Pellegrino-Gensey JL, Schafer
toxicity, downstream signaling through the p44/42 MAP PH, Siekierka JJ. 6-Amino-2-(4-fluorophenyl)-4-methoxy-3-(4-pyri-
kinase pathway is a necessary component of glutamate- dyl)-1H-pyrrolo[2,3b]pyridine (RWJ 68354): a potent and selective
induced cell death. Based on these data, further investiga- P38 kinase inhibitor. J Med Chem 1998;41:4196-8.

tion of the mechanistic relevance of this signaling pathway 171 White MJ, DiCaprio MJ, Greenberg DA. Assessment of neuronal
viability with Alamar blue in cortical and granule cell cultures.

—

in glutamate excitotoxicity in primary neuronal culture and J Neurosci Methods 1996:70:195—200.
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